This study reports a high-resolution MRI approach to image basal blood flow and hypercapnia-induced blood-flow changes in the unanesthetized human retina on a 3-T MRI scanner. Pseudocontinuous arterial spin labeling technique with static tissue suppression was implemented to minimize movement artifacts and improve blood-flow sensitivity. Turbo spin-echo acquisition was used to achieve high spatial resolution free of susceptibility artifacts. The size, shape, and position of a custom-made receive radiofrequency coil were optimized for sensitivity in the posterior retina. Synchronized eye blink and respiration to the end of each data readout minimized eye movement and physiological fluctuation. Robust high-contrast blood-flow MRI of the unanesthetized human retina was obtained at 500 3 800 mm 2 inplane resolution. Blood flow in the posterior retina was 93 6 31 mL/(100 mL min) (mean 6 standard deviation, N 5 5). Hypercapnic inhalation (5% CO 2 ) increased blood flow by 12 6 2% relative to air (P < 0.01, N 5 5). This study demonstrates the feasibility of blood-flow MRI of the retina of unanesthetized human. Because blood flow is tightly coupled to metabolic function under normal conditions and it is often perturbed in diseases, this approach could provide unique insights into retinal physiology and serve as an objective imaging biomarker for disease staging and testing of novel therapeutic strategies. This approach could open up new avenue of retinal research. Magn Reson Med 000:000-000, 2010. V C 2010 Wiley-Liss, Inc. Key words: ASL; retinal vessels; choroids; high-resolution MRI; hypercapnia Blood flow (BF) in the brain is intricately coupled to basal metabolic function under normal physiological conditions, and it is often perturbed in disease states (1). Basal BF and its responses to stimulations have been used as imaging biomarkers for early detection, disease staging, and longitudinal monitoring of therapeutic intervention in the brain. Similar studies probing BF and neurovascular coupling in the retina are sparse by comparison, in part due to the lack of sufficiently high spatial resolution and quantitative BF imaging techniques for the retina in vivo. Abnormal basal BF and neurovascular coupling to stimulations may play an important role in many retinal diseases, including glaucoma and diabetic retinopathy, and retinal ischemia (see Refs. 2,3).
Blood flow (BF) in the brain is intricately coupled to basal metabolic function under normal physiological conditions, and it is often perturbed in disease states (1) . Basal BF and its responses to stimulations have been used as imaging biomarkers for early detection, disease staging, and longitudinal monitoring of therapeutic intervention in the brain. Similar studies probing BF and neurovascular coupling in the retina are sparse by comparison, in part due to the lack of sufficiently high spatial resolution and quantitative BF imaging techniques for the retina in vivo. Abnormal basal BF and neurovascular coupling to stimulations may play an important role in many retinal diseases, including glaucoma and diabetic retinopathy, and retinal ischemia (see Refs. 2, 3) .
In vivo BF imaging of the retina has been reported using fluorescein angiography (4), indocyanin-green angiography (5), laser Doppler flowmetry (LDF) (6) , and laser speckle imaging (7, 8) . While these BF techniques have made remarkable contributions to our understanding of normal retinal physiology and pathophysiology, they are qualitative and depth ambiguous. Choroidal vessels are behind the usually opaque retinal pigment epithelium. Moreover, optical scattering and disease-induced opacity, such as vitreal hemorrhage and cataract, could hamper efficacy of optical imaging techniques.
MRI, by contrast, provides quantitative BF images of the brain without depth limitation, and BF MRI has been used for studying brain physiology and pathophysiology. BF can be measured quantitatively by dynamic susceptibility contrast MRI using an exogenous contrast agent (9) or by magnetically labeling the endogenous water in blood using the arterial spin labeling (ASL) technique (10) (11) (12) . The dynamic susceptibility contrast MRI technique is efficient but it is incompatible with time-series BF functional MRI and high-resolution BF MRI because the long half-life of the contrast agent allows only one measurement per bolus injection, precluding time-series measurement and signal averaging to augment signal-to-noise ratio (SNR). The ASL technique, on the other hand, is totally noninvasive, and the labeled water has a favorable short half-life (blood water T 1 of $ 1 sec), ideally suited for time series and high-resolution BF MRI. Quantitative BF MRI also allows comparison across experimental groups.
High-resolution BF MRI of the retina in anesthetized rodents has been reported recently in normal retina (13) and retinal degeneration (14) . BF MRI of the human retina is however more challenging because: (i) magnetic field gradients on clinical scanners are weaker than animal scanners, making it difficult to achieve high spatial resolution to image the thin retina, (ii) the eye is located in a region of large magnetic field inhomogeneity and is thus susceptible to signal drop off and image distortion when a typical echo-planar imaging technique is used for fMRI studies, and (iii) eye motion in awake humans could constitute an additional challenge for BF MRI, which requires pairwise subtraction. With the exception of a conference abstract (15) , there are no reports of BF MRI studies of the human retina using a head-volume coil to our knowledge.
The goals of this study were to explore the feasibility of imaging BF and BF responses by hypercapnic inhalation in the unanesthetized human retina using MRI. A custom-made receive-only eye coil was used to improve SNR on a 3-T clinical MRI scanner. Pseudocontinuous arterial spin-labeling technique (16) with background suppression and single-shot turbo spin-echo (TSE) acquisition were implemented. pCASL was used to improve BF sensitivity, background suppression was used to enhance sensitivity and minimize eye movement artifacts, and TSE was used to achieve high spatial resolution free of susceptibility-induced signal drop off and image distortion. Strategies (such as synchronized eye blink and inhalation) to minimize eye motion were implemented. Quantitative basal BF and hypercapnia-induced BF changes were analyzed.
MATERIALS AND METHODS

Subject Preparations
Five healthy subjects (4 males, 1 female, 24-45 years old) were studied with Institutional Review Board approval. Each subject was imaged in multiple sessions on different days. Multiple trials (scan with each trial lasting 8 min) were acquired within each session. Subjects were instructed to maintain stable eye fixation on a target inside the magnet bore with synchronized eye blink to the end of data readout which generated a distinct sound as a cue. Subjects were also instructed to synchronize inhalation (or exhalation) only at the end of the data readout throughout the entire trial. With an interimage repetition time of 4.6 sec, such synchronized breathing and blinking were within comfort zones.
Basal BF measurements during air inhalation were acquired over 8 min. For gas challenge, serial BF MRI was acquired during 4 min air followed by 4 min hypercapnia (5% CO 2 , 21% O 2 and balance N 2 ). Premixed gas was delivered via an inhalation face mask. The total scan duration for each trial was 8 min. A break of 5-10 min was given between trials.
MRI
MRI was performed on a 3 T Phillips whole-body clinical scanner (Achieva, Philips Healthcare, Best, The Netherlands) using the commercial body radiofrequency (RF) coil for transmission and a custom-built single-loop RF coil mounted on a pair of swimming goggles for reception (oval shape, 7 Â 5 cm 2 in diameter, right eye only). To demonstrate feasibility and to minimize partial-volume effect (PVE), only a single central axial slice bisecting the optic nerve head and fovea of the right eye was imaged.
BF was imaged using the pCASL technique with: RF pulse shape ¼ Hanning window, RF pulse duration ¼ 0.5 msec, flip angle ¼ 18 , interpulse pause ¼ 0.5 msec, maximum labeling gradient ¼ 6 mT/m, labeling duration ¼ 2 sec, and postlabeling delay ¼ 1.5 sec with balanced gradient scheme. The control images were acquired with a 180 phase shift to the labeling RF pulse. The ASL labeling plane was 7 cm inferior to the imaging plane. ASL background suppression employed two inversion pulses at 2061 and 3405 msec after the initial saturation pulse, which was placed before the labeling pulse (17) . These two inversion times were optimized based on simulations using Matlab algorithms developed to minimize vitreous and retinal signal using the experimental parameters and assuming vitreous T 1 ¼ 4163 msec and retina T 1 ¼ 1015 msec which were assumed to be similar to those of the cerebrospinal fluid and gray matter at 3.0 T, respectively. Measurements of T 1 values in the vitreous and retina will provide more accurate estimation of the BF value. These inversion delays were experimentally fine-tuned and confirmed to achieve necessary vitreous suppression and static tissue signal suppression. Image acquisition used the single-shot TSE sequence with: pulse repetition time ¼ 4.6 sec, echo time ¼ 30 msec, slice thickness ¼ 6 mm, bandwidth ¼ 12.8 kHz, TSE factor ¼ 28, field of view ¼ 50 Â 43 mm, and matrix ¼ 100 Â 53 (resolution of 500 Â 800 mm 2 ). The higher spatial resolution was placed along the readout direction, perpendicular to the posterior retina. Half-Fourier acquisition (52.5%) and linear profile ordering were used along the phase-encode direction, leading to a total TSE echo train length of 343 msec. Spatial-selective gradients were applied along with RF refocusing pulses to avoid aliasing artifacts along the phase-encode direction (18) . Label and control images were acquired alternately with a temporal resolution of 9.2 sec per paired image. A separate TSE scan without labeling module and inversion pulses with long pulse repetition time ¼ 15 sec was performed to obtain M 0 for BF calculation. This protocol showed no residual magnetization-transfer effect when the labeling plane was shifted to 7 cm superior to the imaging plane. Finally, the first refocusing pulse was 180 and the rest of the refocusing pulses were 160 . Due to the small field of view along the phase encode direction, only 28 refocusing pulses were applied during each pulse repetition time cycle. Based on the safety monitor of the scanner, the SAR was 2.9 W/kg when pulse repetition time ¼ 4.6 sec, which was below the FDA-recommended limit.
Data Analysis
All images from each scan were first aligned using custom algorithms written in Matlab (MathWorks Inc., Natick, MA). Image intensity profiles across the retinal thickness were automatically drawn from the raw ASL images by radially projecting lines perpendicular to the retina (19) with eight times spatial interpolation. Some interpolations were necessary for the profile analysis to be completely automated and such spatial interpolation was previously confirmed not to significantly alter peak width and height (19) . Profiles at different time points were then coregistered to the averaged profile by minimizing the root mean square distances. Outlier images due to severe motion artifacts induced by unintended blinking during data readout were discarded (about 4% of the time-series images). Aligned images were played in bounced movie to ensure no residual motion or drift before further processing. Voxel-by-voxel BF were quantified in units of mL/(100 mL min) to generate the BF map based on (20) :
where DM ASL is the difference of the control and label images. k is the milliliter water per milliliter arterial blood (0.85) (21), blood T 1,blood and T 2,blood are 1.7 sec at 37 C (22) and 275 msec at 3 T (23). a, the arterial spin-labeling efficiency, was assumed to be 0.85 (24) . a inv was 0.83 which corrected for the loss of perfusion signal due to the two background suppression pulses (25) , inversion time is the postlabeling delay and M 0 is the equilibrium signal intensity of vitreous calculated from the reference scan. The equilibrium signal intensity of vitreous was used as an intensity reference for pure water, avoiding the use of unknown retinablood partition coefficient in the quantitative BF calculation.
Crosscorrelation Z-score ''activation'' maps for display purpose were calculated via FSL software (26) by matching the BF signal time courses to the expected stimulus paradigm. Color statistical maps were overlaid on BF images. To objectively quantify BF data and minimize PVE-automated profile, analysis was performed to generate the BF profiles across the thickness of the retina and along the length of the retina (19) . BF values for the entire retinal thickness were determined as a function of the distance from the optic nerve head, where the BF values were taken at the peaks of the projection profiles. A region of interest (ROI) of the posterior retina was used to obtain the BF signal time courses and averaged BF values during air or hypercapnic inhalation. Data during transition (1 min) from air to hypercapnic inhalation was excluded from percent-change calculation.
All reported values and error bars on graphs were in mean 6 standard deviation. All statistical tests employed one-way ANOVA with correction for correlated samples with a P < 0.05 indicating statistical significance unless otherwise stated.
RESULTS
The size and curvature of a custom-built receive-only RF coil were carefully optimized to achieve the highest SNR at the posterior retina. The RF coil was mounted onto a custom-made swimming eye goggle, providing comfort, stability, and consistency. Retinal MRI free of movement artifacts was obtained by employed fixation strategy described above. Infrequent, minor movement and drift were successfully corrected with image coregistration. images from the ROI of the posterior retina, and a quantitative BF map under basal condition from one subject. The perfusion signal DS from the entire retina typically ranged from 15% to 25% of raw MRI images. Quantitative BF image showed excellent BF contrast, with high BF localized to the posterior retina. BF profiles were analyzed as a function of distance from optic nerve head (Fig.  F2 2). BF in the retina was markedly above noise level as indicated by the negligible BF values in the vitreous and sclera on either side of the BF profile. The average SNR of the basal BF from the posterior retina was 22 6 9 (N ¼ 3 subjects). BF showed a strong spatially dependent peaking around the fovea regions and dipped slightly around the optic nerve head relative to its surrounding, and dropping significantly at the distal edges of the retina. Quantitative BF profiles were also analyzed across the thickness of the retina (from sclera to vitreous) (Fig.  F3 3). The group-averaged BF value (peak) was 93 6 31 mL/(100 mL min), and the group-averaged FWHM of the blood-flow profile was 709 6 55 mm under basal condition. AQ2 BF percent-change correlation maps due to hypercapnic inhalation showed the BF responses highly localized to the retina (Fig.  F4 4, two repeated trials from one subject). Quantitative BF profiles across the thickness of the retina (from sclera to vitreous) showed hypercapniaevoked robust BF increases in the retina. Basal BF and hypercapnia-induced BF changes for individual subjects and averaged data are summarized in Fig.  T1  F5  5 and Table 1 . Hypercapnia (5% CO 2 in air) increased BF by 12 6 2% (P < 0.01) from 93 6 31 (air) to 104 6 35 mL/(100 mL min). The mean FWHM of the blood-flow profile was 718 6 60 mm under hypercapnic conditions, not statistically different from that under basal conditions (P > 0.05). No significant responses were detected in the lens and vitreous as expected. The rough measures of reproducibility by taking the standard deviations of multiple trials were 14.2% for basal BF and 14.5% for hypercapnic conditions (Table 1) .
DISCUSSION
This study demonstrates a proof of concept that quantitative basal BF and its responses to hypercapnic challenge in unanesthetized human retina can be imaged using noninvasive MRI. A custom-designed eye surface coil improves SNR in the posterior retina compared to standard head volume coils, pseudocontinuous arterial spin-labeling technique improves sensitivity for BF measurement, and high turbo-spin echo acquisition yields images free of susceptibility artifacts. Synchronized eye blink minimizes eye movement, and synchronized respiration reduces physiological fluctuation, respectively. ASL blood-flow MRI is: (i) noninvasive, (ii) depth-resolved and unhindered by media opacity, (iii) quantitative, allowing comparison across subjects, and (iv) sensitive, capable of detecting changes associated with mild hypercapnic inhalation. MRI has the potential to provide a valuable tool to study how BF is regulated in the normal retina (i.e., neurovascular coupling), and how retinal diseases may affect basal BF and blood-flow regulation in vivo. Although improvement in spatial resolution is needed, this study sets the stage for further exploration of BF MRI of the human retina in normal and diseased states.
Potential Issues
There are four potential confounds in imaging BF of the human retina using MRI, namely, spatiotemporal resolution, susceptibility artifacts, movement artifacts, and assumptions in the BF calculation.
Spatiotemporal Resolution
The unique advantages of BF MRI include depth resolution, images unhindered by media opacity, and a large field of view, compared to many optical imaging techniques. Moreover, in contrast to most imaging approaches, MRI measures tissue perfusion of labeled water in the whole tissue within a voxel without the need to resolve individual vessels. The key disadvantages of BF MRI include poorer spatial and temporal resolution compared to optical imaging techniques. The need for synchronizing eye fixation to a target, particularly in some patients with eye diseases, may limit BF MRI application to the retina. PVE was significant and would likely result in underestimated BF values because the vitreous and sclera on either side of the retina had no significant BF. With the adult human eye of 25 mm in diameter, a central imaging slice of 6 mm yielded a significant PVE from the retinal curvature (61% of total retinal thickness including the choroid, assuming a spherical eyeball). Although the spatial resolution of 500 mm was high compared to typical brain studies, it yielded about one pixel across the human retinal thickness, which is 600 mm including the choroid (27) (see discussion below). The current resolution precludes imaging different BF layers within the retina. Future studies will need to improve spatial resolution and sensitivity to differentiate BF between the retinal and choroidal vasculatures.
Potential Susceptibility Artifacts
The eye is located close to air-tissue and bone-tissue interfaces and thus has severe magnetic field inhomogeneity. Single-shot and multishot echo-planar imaging of the retina was explored but unfortunately yielded severe susceptibility-induced image distortion and signal drop off (data not shown). TSE acquisition was thus implemented to achieve high spatial resolution MRI free of susceptibility artifacts. Specific absorption rate was not an issue with the pCASL TSE acquisition as the protocol was essentially identical to typical human brain BF measurements and was confirmed by the scanner specific absorption rate safety monitor.
Potential Movement Artifacts
High-resolution BF imaging of the retina may also be more susceptible to hardware drift and eye movement artifacts because: (i) high-resolution imaging pulse sequence is more demanding on gradient performance of the scanner, which could lead to temperature-induced frequency and signal drift. We confirmed with our imaging protocols on phantoms that there was no significant drift due to hardware over half an hour of continuous scanning of the BF MRI protocol. (ii) The thin retina is bounded by the sclera and the vitreous which have very different signal intensities than the retina. Misregistration of the time-series Blood-flow MRI of the Human Retinaimages could thus lead to significant errors. We therefore applied background suppression to null the otherwise bright vitreous signal. (iii) Finally, ASL BF MRI requires subtraction of paired images and is thus more susceptible to motion that may occur between acquisitions of the paired images. Thus, it is necessary to carefully evaluate ASL signal stability by evaluating time-loop movies and signal time courses to ensure no sudden jump or significant drift. With synchronized eye blink and respiration, movement and drift were small and residual eye movement could be corrected by image coregistration. All images were acquired in time series and coregistered if needed before signal averaging and crosscorrelation analysis.
Quantitative BF Calculation
Absolute quantification of BF is generally difficult and the commonly used MRI, positron emission tomography, LDF, and microsphere techniques have strengths and limitations. The pCASL MRI technique to measure BF of the retina has the following limitations. Firstly, the BF quantification formula used in this work is based on a simplified single blood compartment model, assuming that the labeled water does not cross the capillary wall or leave the voxel between labeling and signal acquisition. Secondly, BF calculation used estimated values for the blood labeling efficiency. Further validation of these parameters will improve the accuracy of BF quantification for human retina. BF MRI of the brain has been cross-validated with PET and autoradiographic techniques. Ultimately, ASL MRI of the retina needs to be cross-validated with the microsphere technique in animal models. Improving accuracy of quantitative BF MRI remains an active area of research.
Human Retinal Thickness by BF Profile
From BF profile across the retinal thickness, the FWHM was 709 6 55 mm (including the choroidal vascular layer). Although this is expected to be slightly different anatomical thickness, it is informative to compare. Published thicknesses of the in vivo human neural retina (excluding the choroid) varied significantly, even within the optical coherence tomography literature-236 mm (26) and 200-310 mm (27) around the fovea. While optical coherence tomography can resolve laminar thickness of the neural retina, measuring choroidal thickness by optical imaging techniques remains challenging. Sparsely published in vivo human choroidal thickness has been reported to be 293-307 mm by partial coherence interferometry (28) and 318-335 mm by long-wavelength optical coherence tomography (29) . From these literatures, we estimated the total anatomical retinal thickness including the choroid from non-MRI measurement to be 500-650 mm (in the posterior retina) albeit strongly spatial dependent. By comparison, the rodent retinal thickness is 267 mm including the choroid (24) , and the cat retinal thickness is 358 mm including the choroid (31), suggesting a scaling of retinal thickness with eye size.
Basal BF
Basal BF of the total retina, including the choroid was 93 6 31 mL/(100 mL min) in awake human. To our knowledge, this is the first in vivo BF measurement in the unanesthetized human retina, and there are no reports in the literature with which to compare. In animal model, basal BF of the rat retina has been reported to be 630 6 100 mL/(g min) under 1% isoflurane using cASL MRI (13, 14) . The differences in BF of the retina between humans and rats could arise from many factors. They include species differences, spatial resolution differences (lower spatial resolution has more PVE, which yields lower BF), and the effect of isoflurane (used in rats) which is a vasodilator.
By comparison, in awake human, brain gray-matter BF was $ 50 mL/(100 mL min) (10) using the same pCASL MRI technique. In anesthetized rats, brain gray-matter BF was 90 6 13 mL/(100 g min) (28) and 110 6 4 mL/(100 g min) (29) under essentially identical experimental conditions (i.e., $ 1% isoflurane) as those reported for rat retina described above. The BF retina:brain ratio was reported to be 6.3:1 in rat and 2:1 in human (this study). The smaller BF retina:brain ratio in humans compared to animals could be due to comparatively lower spatial resolution, effect of isoflurane, and/or species differences. Of note, destructive microsphere BF measurements in animal models that provided retinal and choroid BF values, reported that retinal BF was similar to cerebral BF in the gray matter whereas choroidal BF was about six to 10 times higher than cerebral BF in rats (30) and monkeys (31) . BF MRI provides large field of view, in contrast to optical imaging techniques which have limited field of view constrained by illumination angle. BF was observed to drop significantly at the distal edges of the retina, consistent with those reported previously in animal models (13, 14) . This is expected because the vascular density is highest around the optic nerve head but drops distally. BF showed a strong spatial dependence, peaking around the foveal regions. This appears to contradict the notion that the fovea is free of retinal vessels and thus should have lower BF compared to surrounding region. A possible explanation is that the current spatial resolution precludes the fine resolution of the fovea, and MRI BF signal of the macular ROI at current resolution is dominated by choroidal BF.
BF dipped slightly around the optic nerve head relative to its surrounding as detected by MRI. It is surprising that BF in the optic nerve head ROI is less than the foveal ROI because optic nerve head is densely populated by large arteries and veins. It is possible that the ASL technique is generally less sensitive to large waterimpermeable vessels and more sensitive to smaller vessels (such as arterioles, capillaries and venules) (32, 33) due to a longer postlabeling used allowing labeled spins to leave large arteries and move into smaller vessels, and the labeled spins lose substantial contrast (with a time constant T 1 of $ 1.5 sec) by the time they reach large draining veins. Being more sensitive to smaller vessels (34) is advantageous because it reflects local tissue perfusion and is more spatially specific to the sites of increased neuronal activities.
BF Changes
Hypercapnic (5% CO 2 in air) inhalation increased BF of the unanesthetized human retina by 12 6 2%. In isoflurane-anesthetized rats, hypercapnic inhalation increased BF by 16 6 6 % using BF MRI (13) . BF MRI of animal and human retinas showed consistent positive BF increases during hypercapnic inhalation. While there is evidence that hypercapnia elicits vasodilation in both retinal and choroid blood vessels using LDF and microsphere techniques (35) (36) (37) (38) , the literature are sparse and inconsistent. Inhalation of 10% CO 2 in air showed no significant vasodilation in the retinal vessels (39) . Inhalation of carbogen (95% O 2 þ 5% CO 2 ) increased choroid BF by 12.5 6 11.7% with large intersubject variations (40) . Pulsatile ocular BF tonography also reported significant choroidal BF increases (41) .
By comparison, in the rat brain, hypercapnic (5% CO 2 in air) inhalation-increased cerebral BF varied over a wide range in anesthetized rats, ca., 25% (42) and 52% (29) . Similar hypercapnia-induced changes in cerebral BF in awake humans have also been reported in the literature. Hypercapnia-induced BF increase in the retina is smaller than that in the brain, which could be due to PVE or the unique responses of the retina.
Finally, caution must be exercised when comparing BF measurements among LDF, microsphere, and MRI techniques because they have different signal sources.
Microsphere values may be susceptible to postmortem artifacts and may vary depending on microsphere size and concentration (43) . LDF typically measures a single point source within the probe sensitivity whereas BF in the retina has a spatial dependence. Retinal BF measured using LDF is limited to the optic nerve head and could be contaminated by choroidal BF because LDF has ambiguous depth resolution. Choroid BF is limited to the macular region where retinal vessels are absent. BF MRI offers a large field of view and not depth limited, but takes significantly longer to acquire. BF MRI may have the unique potential to image layer-specific, quantitative BF in human retina if higher spatial resolution can be achieved. In addition to BF, MRI also provides anatomical, oxygen tension and functional data. MRI has recently been applied to investigate structures of the retina (19, 44) , changes in tissue oxygenation using blood oxygenation level-dependent (BOLD) functional MRI associated with physiologic (19) and visual (45, 46) stimulation in animal models. Changes in layer thickness and BOLD functional MRI responses to physiologic challenges in an animal model of retinitis pigmentosa in which the photoreceptors progressively degenerate have also been reported (19) . Translating these approaches to image the retina may have important applications.
CONCLUSIONS
This study reports our initial experience on imaging basal BF and hypercapnia-induced blood-flow changes in the retina of unanesthetized humans. Future studies will need to improve sensitivity and spatiotemporal resolution, incorporate three-dimensional BF and other (e.g., BOLD and anatomical) MRI methods, and apply multimodal MRI approach to study retinal diseases. With improvement in spatiotemporal resolution and sensitivity, MRI has the potential to provide unique information, with depth resolution, on how BF is regulated and how retinal diseases may affect BF and the neural tissues they subserve, as well as the ability to serve as an objective biomarker for staging disease, monitoring of therapeutic intervention, and testing novel therapeutic strategy. This approach could open up new avenues for retinal research and complement existing retinal imaging techniques.
